Profound insight into age-related changes in c-aminobutyric acid type A receptor (GABAA-R) distribution using iodine-123-iomazenil single photon emission computed tomography (IMZ-SPECT) can contribute to accurate in vivo evaluation. We evaluated the age-related changes in prefrontal cortex (PFC), which is the key region involved in various neurological and psychiatric diseases. In this study, IMZ-SPECT imaging data of 21 healthy males with an age range of 22-59 (mean, 38 ± 12) years were analyzed using threedimensional stereotactic surface projection (3D-SSP). The Z-score images of the younger group (age < 40, n = 11) and the older group (age ! 40, n = 10) were compared. Subsequently, the mean RI-count ratios calculated for each Brodmann area (BA) by stereotactic extraction estimation method were compared between these groups. Thereafter, linear regression analysis between age and RI-count ratio was performed for all enrolled subjects. In the result, IMZ accumulation increased in bilateral BA10, 11, and the BA47 (left hemisphere) in the older group compared with the younger group. Furthermore, regression analysis demonstrated a significant positive correlation between age and RI-count ratio in these areas. Our findings indicate that GABAA-R distribution in the PFC relatively increases with age. Therefore, we concluded that the age-related changes should be considered to accurately evaluate pathophysiology of neurological and psychiatric diseases.
Introduction
The quantitative analysis of c-aminobutyric acid type A receptors (GABAA-R) might help elucidate the pathophysiology of neurological and psychiatric diseases. Inhibitory neurons, as well as excitatory neurons, play a key role in normal maintenance of mature human brain function. These neurotransmitters mediate their actions via their neurons GABA and glycine, whose synapses are widely distributed in the central nervous system (CNS) and brainstem, respectively. In particular, GABA is more appropriate for the evaluation of the normality of CNS because GABAergic synapses are widely distributed in the CNS and play a major role in inhibitory neurotransmission [1] . GABA receptors can be broadly classified into two groups: GABAA, with a fast and direct synaptic conductance, and GABAB, with an inhibitory effect slower than GABAA. Thus, for a more direct evaluation of the functional abnormality of CNS, quantitatively analyzing GABAA-R is essential. Notably, abnormal distribution of GABAA-R has been reported in various neurological and psychiatric disorders [2] [3] [4] [5] [6] [7] [8] . In particular, the prefrontal cortex (PFC), an area that plays a key role in combining and controlling the actions necessary for achieving a target [9] , is suggested to be involved in the pathology of these diseases. An abnormal distribution of GABAA-R in the PFC has been reported in neurological and psychiatric diseases that may cause cognitive deterioration such as Alzheimer disease [3] , amyotrophic lateral sclerosis [5] , Duchenne muscular dystrophy (since dystrophin was shown to be colocalized with GABAA-R at the postsynaptic membrane) [6] , schizophrenia [7] , and panic disorder [8] . However, detailed mechanisms of the changes in distribution of GABAA-R have not yet been elucidated.
Presently, iodine-123-iomazenil-single photon emission computed tomography (IMZ-SPECT) [3, 4, 6, 10] flumazenil-positron emission tomography (FMZ-PET) [5, 8] are being widely used for in vivo quantitative analysis of GABAA-R distribution using normal database (NDB). However, age-related physiological changes have never been considered in NDB. There are several reports on age-related changes occurring in cerebral GABAA-R distribution in rats [11] [12] [13] , but the results are inconsistent. Regarding the human brain, there are few studies related to these changes [14, 15] . Therefore, to accurately evaluate functional abnormalities associated with various neurological and psychiatric diseases, it is essential to clarify age-related changes in GABAA-R distribution in normal subjects.
In this study, we investigated GABAA-R distribution in the normal adult brains using IMZ-SPECT and evaluated age-related changes in the cerebral cortex, while specifically focusing on the PFC.
Methods

Study participants
We enrolled 21 normal male volunteers (mean age, 38.1 ± 11.7; age range, 22-59 years) based on their age so that the number of volunteers in each age group was similar. All subjects underwent detailed neurological examination that was performed by an expert neurologist; all subjects were confirmed to be neurologically normal and satisfied the selection criteria such as a Mini Mental State Examination of 27 points or more, no abnormal findings in the MRI or MRA, and not taking drugs that would affect the uptake of IMZ. The purpose and method of the study were adequately explained to all the subjects and the subjects signed an informed consent form of the content, which was approved by the National Hospital Organization Niigata Hospital Ethics Committee.
This study was conducted in compliance with the ethical standards indicated in the Helsinki Declaration, and the contents of the study have been registered in advance in the UMIN clinical trial registration system (UMIN000028088).
SPECT acquisition and quantitation
IMZ-SPECT data were obtained using a combined SPECT/CT scanner (Symbia T2; Siemens Healthcare, Erlangen, Germany) with a low-energy and high-resolution type collimator. Image was acquired as a 64 Â 64 matrix at 150 s/step 12 times in series. Data acquisition was initiated at 3 h after the intravenous administration of [123I] IMZ (222 MBq). Filtered Back Projection was used as the reconstruction method, and the Chang method was used for attenuation correction. Scatter correction was not performed.
Construction of NDB
Image analysis was performed by the integrated software iNEUROSTAT ++ (Nihon Medi-Physics Co., Ltd, Tokyo, Japan). Three-dimensional stereotactic surface projection (3D-SSP) [16] , which involves anatomical standardization and data extraction to the brain surface, was performed using a user interface software iSSP 3.5.
The ratio of the RI count of each pixel to the average RI count of the entire brain was calculated for each subject. Then, the average value and standard deviation of the RI count of all subjects were calculated for each pixel. Based on these data, the brain coordinates, the average RI count for each pixel, and the NDB composed of the standard deviation were created.
Statistical analysis
The obtained SPECT data were analyzed with 3D-SSP using iNEUROSTAT ++.
In order to investigate age-related changes in the accumulation of IMZ, all subjects were divided into two groups: the younger group (age range, 22-33 years; n = 11; mean age, 28.6 ± 3.9 years) and the older group (age range, 40-59 years; n = 10; mean age, 48.6 ± 7.4 years). In both the groups, unpaired t-test and conversion of the t-statistic to Z-score [Z-score = (average value of the younger group À the value of the older group)/(standard deviation of the younger group)] were performed using iSSP 3.5-2tZ. Finally, they were output as a brain surface extraction image (Z-score image).
Based on the individual data, the mean value of the RI count for each brain region was calculated by the stereotactic extraction estimation method [17] . Subsequent statistical analysis was done using IBM SPSS statistics version 24 (IMB Japan, Ltd. Tokyo Japan). For each cerebral cortex area, we compared the mean RI count Fig. 1 . A significant increase (Z-Score > 2) in accumulation was observed in several parts of the frontal lobe in the older group compared with those in the younger group. These data indicate that IMZ accumulation is significantly larger in the older group than in the younger group in the bilateral BA10, BA11, and left BA47. BA = Brodmann Area. between the younger group and the older group by the MannWhitney test. In addition, we performed linear regression analysis on data related to age and RI-count ratio (which represents distribution of IMZ and was calculated as mean RI count of each region/ mean RI count of the entire cerebral cortex) for each brain region. A P-value of <0.05 was considered to be significant. All images were analyzed together with an experienced neurologist.
Results
The obtained Z-score images showed that the uptake of IMZ was increased in some regions of the frontal lobe (Z-score >2) in the older group compared with the younger group (Fig. 1) . Moreover, we compared the mean value of the RI-count ratio for each pixel of the frontal lobe. A significant difference was observed in IMZ accumulation between the two groups at bilateral Brodmann areas (BA) 10, 11, and the BA47 (left hemisphere) in PFC (MannWhitney test, p < 0.05) ( Table 1) .
Linear regression analysis demonstrated positive correlation between the age and RI-count ratio at BA10 (r = 0.689), BA11 (r = 0.622), and BA47 (r = 0.576) of the left hemisphere as well as at BA10 (r = 0.514) and BA11 (r = 0.622) of the right hemisphere (Fig. 2) . Thus, the RI-count ratio increased with age at bilateral BA10, bilateral BA11, and BA47 of the left hemisphere. However, no significant correlation was observed for BA47 of the right hemisphere.
Discussion
The present study demonstrates that GABAA-R distribution in the PFC relatively increases within the age range of 20-60 years. The precise mechanisms of these age-related changes remain to be elucidated. However, there are at least three possible reasons that can be attributed to these changes: (1) temporal and spatial diversity of age-related changes in neurons, (2) compensatory mechanism for GABA deficiency, and (3) physiological features associated with age-related changes in dendritic spines.
First, regarding age-related anatomical changes of the neurons, the total number of neurons in the frontal lobe remains unchanged, whereas it decreases in the parietal lobe [18] . Relatively, the number of neurons in the frontal lobe increases with age. Interestingly, the size and density of neurons in the PFC are maintained until approximately 65 years of age [19] . Therefore, the number of neurons in the PFC are less susceptible to aging whereas those in other region keep decreasing, which indicates a relative increase in their number in PFC with aging.
Second, compensatory response for age-related changes in GABA and GABAergic inhibitory synapses is another important aspect. GABA concentrations decrease in the frontal lobe after 40 years of age [20] . Under these circumstances, the frequency of suppression postsynaptic currents (PSCs) by GABA is enhanced [21] ; for this phenomenon, it is assumed that increasing the GABAA-R density compensates for GABA deficiency in the postsynaptic membrane [21] .
Lastly, the number of dendrites, a constituent of neurons that is strongly related to GABAA-R, decreases by the age of 40 and remains unchanged thereafter [22] . Prefrontal pyramidal cells are classified into two groups: those with fiber connections outsides the PFC (long projection) and those with fiber connection inside the PFC (local fiber communication). Age-related reduction in the dendritic length, surface area, and cell volume is observed only in apical dendrites that receive long projection from the upper temporal cortex [23] . The prefrontal pyramidal cells with only local fiber communication did not show such morphological changes [23.24] . Reportedly, BA10 has poor neural connectivity with subregions, unlike the other PFC regions [25] . Therefore, it is possible that dendrites in BA10 might be less susceptible to the effects of age-related changes that are observed in other cortical regions. As mentioned above, the maintenance of the anatomical structure and the compensatory mechanism may contribute to stability against aging in the PFC.
In this study, we demonstrated that GABAA-R distribution in a part of the PFC (bilateral BA10,11, and BA47 of the left hemisphere), increased with age between 20 and 60 years. Considering the findings of our study, we believe that accurate assessment of GABAA-R in consideration of age-related changes can help elucidate the pathophysiology of diseases involving GABA abnormality. Therefore, age-related changes should be considered when comparing patient data with that of the individuals in the normal group. However, the number of participants in this study was small, and the age range was narrow. Prudence dictates cautious interpretation of our findings, e.g. laterality in BA47, and further evaluation with larger sample size comprising wider age range is highly warranted.
